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Abstract 
This work presents systems analysis results of an integrated gasification fuel cell (IGFC) combined cycle with carbon capture. 
The study assumes the use of an atmospheric pressure solid oxide fuel cell.  The efficiency, carbon capture potential, and water
consumption rates are evaluated and compared to another advanced coal-based power system, an integrated gasification 
combined cycle (IGCC). 
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1. Introduction 
The Office of Systems, Analyses, and Planning at the U.S. Department of Energy’s National Energy Technology 
Laboratory (NETL) conducts studies of advanced power generation systems.  A critical element in the evaluation of 
these technologies is the manner in which carbon capture can be integrated into the system.  Solid oxide fuel cells 
(SOFC) have shown high fuel conversion efficiency, and a natural affinity for accommodating capture of CO2
emissions. 
As carbon dioxide regulations for coal-fired power plants gain increasing attention, emphasis is placed on 
maintaining high plant efficiency.  Ideally, the carbon separation mechanism employed should have a minimal 
negative impact on the plant’s efficiency.  This will ensure that electricity prices remain low, as well as making the 
most efficient use of domestic coal, the United States’ most abundant fossil fuel resource.  This paper presents 
results of two integrated gasification fuel cell (IGFC) combined cycle cases that include capture of CO2 emissions:  
a baseline case using commercially available balance of plant technology, as well as an advanced case (using a 
catalytic gasifier) that shows the benefits that may be realized through further fossil energy research and 
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development.  Both of these IGFC cases will be compared to a conventional integrated gasification combined cycle 
(IGCC) with capture of CO2 emissions. 
2. IGFC Case Studies 
A solid oxide fuel cell, when paired with a conventional coal gasification train, can produce power more efficiently 
than pulverized coal (PC) or integrated gasification combined cycle (IGCC) plants.  In addition, solid oxide fuel cell 
technology can naturally accommodate capture of carbon emissions by maintaining all carbon-based synthesis gas 
(syngas) species (CO, CO2, and CH4) in an isolated gas stream; upon conversion of the syngas chemical energy in 
the fuel cell, and residual chemical energy recovery using an oxygen-rich combustion process (oxycombustion), the 
resulting product gas stream is 98% pure in CO2 and H2O.  Through waste heat recovery in a supercritical steam 
bottoming cycle, the water vapor can be condensed from the fuel cell product gas, resulting in a high-purity CO2
product.  This IGFC combined cycle plant can capture nearly 100% of carbon emissions2 without requiring an 
additional unit operation dedicated toward carbon separation (such as a Selexol unit).  A block flow diagram of this 
concept is shown in Figure 1.
Figure 1 - IGFC Combined Cycle 
2.1. Advanced IGFC Cycle 
This study evaluates an advanced IGFC combined cycle that may be possible through continued fossil energy 
research and development.  The specific advances assumed are the use of a catalytic coal gasification process, 
as well as a 36% reduction in SOFC overpotential loss3.  The system was modeled using AspenPlus 2004.1, and 
is based on the use of coal gasification to produce synthesis gas (syngas), which serves as the feedstock for an 
atmospheric pressure SOFC.  The relatively high operating temperature of the SOFC permits steam generation 
from waste heat, which can produce additional power in a Rankine cycle.   
The gasifier in this analysis is based on the catalytic coal gasification process.  This concept, which is typically 
associated with synthetic natural gas production from coal and other feedstocks, has the potential to produce 
elevated (approximately 25% on a dry volume basis) methane levels in the syngas.  Methane is a desirable fuel 
component for SOFC technology since it can minimize stack thermal management loads.  This analysis 
assumes that methane will combine with steam within the SOFC to produce hydrogen (as opposed to direct 
anode oxidation) according to the endothermic methane reforming reaction: 
2 Carbon that enters the system in the coal feed is isolated in the fuel cell anode effluent.  The only location where 
carbon exits the system is in the oxycombustion product stream, in the form of carbon dioxide.  Thus, near 100% 
carbon capture is possible with this system.  However, where water is condensed from the oxycombustion product 
stream, some CO2 will escape due to solubility of carbon dioxide in water. 
3 State of the art SOFC technology includes an overpotential loss of approximately 120 mV at a current density of 
500 mA/cm2, which was the value assumed in this study.  The advanced case presented in Section 2.1 assumes an 
overpotential of only 50 mV.
4308 E. Grol / Energy Procedia 1 (2009) 4307–4313
Eric Grol/ Energy Procedia 00 (2008) 000–000 
CH4 + H2OÆ 3H2 + CO 'Hrxn,298 K = 205.8 kJ/g-mol   (Reaction 1) 
This is a reasonable assumption since the potential for oxidation of CH4 is less than that for H2, as indicated by 
the higher open circuit voltage of hydrogen oxidation.   
This endothermic reaction can serve as a heat sink to the exothermic oxidation of hydrogen (Reaction 2), 
therefore lowering the SOFC stack thermal management requirement4:
H2 + ½ O2Æ H2O (v)   'Hrxn,298 K = -241.8 kJ/g-mol   (Reaction 2) 
The SOFC considered in this study is an atmospheric pressure, planar design with separate anode and cathode 
outlet streams (see Figure 1).  Residual chemical energy in the anode offgas is recovered through combustion 
with purified oxygen from the air separation unit (oxycombustion).  This results in a stack gas that is rich in the 
fuel cell reaction products (carbon dioxide and water) and does not suffer from dilution by nitrogen present in 
air.  Accordingly, water can be condensed out of the effluent through cooling, resulting in near-pipeline purity 
carbon dioxide.  The ability to produce a stack gas that has not been diluted with nitrogen represents an 
advantage over pulverized coal (PC) or integrated gasification combined cycle (IGCC) plants.   
The waste heat available in the oxycombustion product stream is recovered in a supercritical steam cycle.  The 
steam conditions selected for this study are 3,500 psia/1,100 ºF, with steam reheat to 1,050 ºF.  The condenser 
pressure is assumed to be 1 psia. 
2.1.1. Gasifier Island 
The gasifier modeled in this application is based on the concept of catalytic coal gasification to produce 
elevated syngas methane content (nominally 25% on a dry volume basis).  Coal gasification to achieve 
high methane levels is described by three reactions (gasification, methanation, and water gas shift), but 
can be summarized by the following overall reaction: 
2C + 2H2OÆ CH4 + CO2     'Hrxn,298K = 15.7 kJ/g-mol (Reaction 3) 
Catalyst is added to the coal as an aqueous solution, and the mixture is dried before being fed to the 
fluidized bed gasifier.  The raw syngas products are cooled in a waste heat recovery unit to allow for 
condensation of water vapor and subsequent syngas cleaning.  The heat recovered is used in the 
evaporation section of the heat recovery steam generator (HRSG).  A conventional dry gas cleaning 
system is used for removal of chlorides, halide, and ammonia.  A single stage Selexol unit removes the 
bulk H2S present in the syngas, while a ZnO sorbent-based guard bed performs deep sulphur cleaning.  
2.1.2. Fuel Cell Island 
Cool, sulfur free syngas from the Selexol unit serves as the fuel for the SOFC.  Since the fuel cell requires 
the syngas to be near atmospheric pressure (with adequate head to overcome downstream unit operation 
losses), an expansion step is necessary to lower the incoming pressure.  Ambient air is compressed in a 
cathode air blower, which provides the oxidant necessary for Reaction 2, as well as cooling air for the fuel 
cell stack.  The SOFC operating parameters used to develop this case are shown in Table 1:
4 Due to materials and operational limitations, a practical upper temperature limit exists for a solid oxide fuel cell 
stack (this study assumes that upper limit is 800 ºC).  A significant portion of the plant’s parasitic power burden is 
attributed to SOFC stack cooling.  However, the natural “heat sink” effect of Reaction 1 will reduce this stack 
thermal management requirement, improving cycle efficiency. 
E. Grol / Energy Procedia 1 (2009) 4307–4313 4309
Eric Grol/ Energy Procedia 00 (2008) 000–000 
Table 1 – Case 1 Fuel Cell Operating Parameters 
Operating Voltage5 0.78 V 
Anode Recycle Rate 50%
Fuel Utilization (Single Pass) 75% 
Inlet / Outlet Temperature (ºC) 650 / 800 
Anode effluent, containing a small amount of unconverted H2 and CO, is combusted in the presence of 
95% pure oxygen, recovering the unused fuel and raising the gas temperature, which is used in the 
evaporator to generate supercritical steam, resulting in substantial gas cooling.  The remaining moisture is 
condensed out by heat exchange with cooling water, as well as by a conventional water absorber, further 
concentrating the stream in CO2 (95% by volume).  The purified CO2 is compressed to 2,215 psia in a 
multi-stage compressor with intercooling.   
2.1.3. Steam Cycle 
Waste heat from the oxycombustor is recovered in a supercritical steam-based Rankine cycle.  The steam 
conditions are 1,100 ºF and 3,500 psia, with steam reheat to 1,050 ºF.  The heat required for steam 
evaporation is from the gasifier’s convective cooler.  The convective cooler also provides the energy 
required for steam reheat prior to the intermediate pressure (IP) steam turbine.   
The supercritical steam flow is expanded in the high pressure (HP) steam turbine.  The discharge is 
reheated to 1,050 ºF by heat recovery with the gasifier’s convective cooler.  The steam is expanded to 142 
psia in the IP steam turbine, and finally expansion down to the condenser pressure of 1 psia occurs in the 
low pressure (LP) steam turbine.  LP (65 psia) steam is extracted for use for various process heating 
duties.  The heat remaining in the LP steam turbine discharge is rejected at the condenser, producing water 
at 102 ºF and 1 psia.   
2.1.4. Performance 
The efficiency of this configuration is 51.0% (coal HHV basis).  Overall performance for the plant is 
shown in Table 2.
Table 2 – Advanced IGFC Combined Cycle Performance Summary 
Power Production Summary 
Expander Power (kW) 50,850 
SOFC Power 484,730 
Steam Cycle Power 74,450
Total 610,030 
Auxiliary Power Summary 
Cathode Blower (kW) 22,460 
ASU Compressor 16,280 
CO2 Compression 32,880 
Miscellaneous Balance of Plant 15,140 
Total 86,760 
Net Total Power 523,270 
Coal Flow (lb/hr) 300,000 
Thermal Input, kWt 1,025,091 
Net Plant Efficiency (HHV) 51.0% 
5 This is based on an advanced SOFC overpotential of 50 mV.   
4310 E. Grol / Energy Procedia 1 (2009) 4307–4313
Eric Grol/ Energy Procedia 00 (2008) 000–000 
Water Consumption 69 gal/MWh 
2.2. Base IGFC Combined Cycle 
This section evaluates the efficiency potential of an IGFC combined cycle that does not assume the use of any 
advanced R&D technologies (catalytic gasifier, and advanced SOFC performance).  This case is intended to be 
a reflection of the performance that could be possible if the cycle were limited to existing technology.  Common 
areas between the two cases, such as the steam cycle, will not be repeated here. 
2.2.1. Gasifier Island 
The gasifier used in this case is a two-stage, full slurry quench gasifier, similar to ConocoPhillips’ E-Gas 
model.  This was selected largely based on the gasifier’s ability to produce syngas with methane present, 
by adjusting the slurry feed to the second stage.  By varying feed condition, syngas methane levels of 2-
7% may be possiblei.  In order to achieve the high syngas methane levels favored by the SOFC, an 
additional methanation reactor was used after the gas cleaning section.  This catalyzed reactor increases 
methane levels according to the following reactions: 
CO + 3H2Æ H2O + CH4 'Hrxn,298 K =  -249.8 kJ/g-mol (Reaction 4) 
CO2 + 4H2Æ 2H2O + CH4 'Hrxn,298 K = -252.7 kJ/g-mol (Reaction 5) 
The resulting syngas stream is approximately 23% rich in methane (dry volume basis). 
2.2.2. Fuel Cell Island 
The SOFC operating parameters used to develop this case are shown in Table 3:
Table 3 – Case 1 Fuel Cell Operating Parameters 
Operating Voltage6 0.70 V 
Anode Recycle Rate 50%
Fuel Utilization (Single Pass) 75% 
Inlet / Outlet Temperature (ºC) 650 / 800 
2.2.3. Performance 
The efficiency of this configuration is 41.9% (coal HHV basis).  Overall performance for the plant is 
shown in Table 4.
Table 4 –Base IGFC Combined Cycle Performance Summary 
Power Production Summary 
Expander Power (kW) 37,980 
SOFC Power 299,870 
Steam Cycle Power 156,610 
Total 494,460 
Auxiliary Power Summary 
Cathode Blower (kW) 12,660 
ASU Compressor 40,940 
6 This is based on an SOFC overpotential of 120 mV. 
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CO2 Compression 30,520 
Miscellaneous Balance of Plant 31,429 
Total 115,549 
Net Total Power 378,911 
Coal Flow (lb/hr) 264,887 
Thermal Input, kWt 905,112 
Net Plant Efficiency (HHV) 41.9% 
Water Consumption 194 gal/MWh 
3. Comparison to IGCC 
A comparison of the IGFC cases presented in this work to an IGCC plant is shown in Table 5.  The IGCC work was 
based strictly on technologies that could be purchased commercially today, and so therefore is most comparable 
with the base IGFC cycle presented in Section 2.2.
Table 5 – IGFC Cycles Compared to IGCC 
System Efficiency7 Carbon Capture Water Consumption 
Advanced IGFC 51.0% > 90% 69 gal/MWh 
Base IGFC 41.9% > 90% 194 gal/MWh 
Typical IGCCii 32.1% 90% (Nominal) 501 gal/MWh 
Table 5 shows that the base IGFC case, which uses existing balance of plant technology, is nearly 10 percentage 
points better than conventional IGCC (including CO2 capture and compression).  With further fossil energy research 
and development in the areas of coal gasification and SOFC technology, an efficiency of 51% is possible (including 
CO2 capture and compression).  In addition, the water consumption (defined as the water in the plant water balance 
that must be made up due to evaporative losses from the wet cooling tower, as well as other process losses) of the 
IGFC cycles is substantially less than that of an IGCC.  The majority of the water consumption for any plant with a 
steam-based Rankine cycle is due to evaporative losses from the wet cooling tower.  The percentage of gross power 
attributed to the steam cycle for the advanced and base IGFC cases is 12% and 32%, respectively.  By comparison, 
the steam cycle of an average IGCC plant with CO2 capture and compression accounts for 46% for the gross power.  
Since more power in the IGCC plant comes from the steam cycle than in the IGFC, water consumption will also be 
higher. 
4. Conclusions 
The results of the cases presented above show how an IGFC combined cycle has carbon capture, water 
consumption, and efficiency benefits over other advanced power generation technologies, such as IGCC.  The 
efficiency penalty associated with adding carbon controls to a state of the art IGCC plant is a reduction of 
approximately seven and a half percentage points (39.3% efficient, compared to 31.7% for the same case with CO2
capture and compression). 
If advanced fossil energy research goals in the areas of coal gasification and solid oxide fuel cell development are 
met, this study demonstrates an IGFC combined cycle of 51.0% efficiency, including carbon capture and 
compression.  This represents an increase of more than 16 percentage points when compared to IGCC with CO2
capture.  If the IGFC cycle (including CO2 capture and compression) is limited to commercially available balance of 
plant technology, an efficiency of 41.9% is possible. 
7 Includes CO2 capture and compression to 2,215 psia 
4312 E. Grol / Energy Procedia 1 (2009) 4307–4313
Eric Grol/ Energy Procedia 00 (2008) 000–000 
                                                          
5. References 
i “Customizing Syngas Specifications with E-Gas Technology Gasifier”, presentation at 2007 Gasification 
Technology Conference, October 16, 2007, http://www.gasification.org/Docs/Conferences/2007/42AKELL.pdf 
ii “Cost and Performance Baseline for Fossil Energy Plants; Volume 1: Bituminous Coal and Natural Gas to 
Electricity,” May 2007, http://www.netl.doe.gov/energyanalyses/ 
pubs/Bituminous%20Baseline_Final%20Report.pdf 
E. Grol / Energy Procedia 1 (2009) 4307–4313 4313
